1. Introduction {#sec1}
===============

The protection of industrial materials from corrosion process is of paramount importance, not only maximizing the durability of the appliances but also diminishing the toxic metals solubility from the industrial materials into the environment [@bib1]. The demand for increasing the longevity of alloy metals is increasing drastically, due to its wide applications in various fields and in engineering advancements [@bib2]. In comparison with the conventional coatings, reinforced composite possess higher hardness, improved corrosion and wear resistance and dense homogenous electrodeposits with lesser surface roughness. Examples of such reinforcing agents include ceramics, organic materials and metals [@bib3] to name a few. Hexavalent chromium is frequently employed on the relevance of functional mechanical parts due to its good glossy nature, high hardness, and low-cost characteristics [@bib4]. It has become an unavoidable part of many engineering applications, due to its promising features like low coefficient of friction, superior corrosion resistance and wear resistance and other decorative reasons. Significant interest in the development of nanocrystalline Ni-W alloy as surface coatings is receiving considerable attention, since its potential applications are in multiple [@bib5]. This alloy system has become an ideal choice in the industrial sector, owing to its remarkable properties like noticeable corrosion resistance [@bib6], better electrocatalytic property [@bib7] combination of desired hardness and wear resistance [@bib8], stability at higher temperatures [@bib9] and as a effective barrier in electronic/electrical components [@bib10], and moreover this alloy coatings were nominated as a propitious and challenging alternative to the hazardous hard chrome plating \[[@bib11], [@bib12]\]. The beneficial exploit of Ni--W alloys to the materials which require resistant to the relatively high temperatures, includes micro and nano-electromechanical systems, sliding contacts or high-temperature superconductors \[[@bib13], [@bib14]\]. Despite advances in the fabrication of metallic surface coatings, an electrodeposition method offers a tailored surface property which includes corrosion, wear and fatigue. These are the key components in increasing the lifetime of the tools and components [@bib15]. These tailored surface properties can be attained by altering the electrochemical parameters like pH, temperature, current density and agitation rate which are of prevailing factors. The merits of this process include controlled fabrication of metallic coatings, easily feasible, the ability of continuous processing and reduced waste materials [@bib16]. However, most of the other methods suffer from the disadvantages of requirement of expensive materials and equipments and its complex process limits their application in practical.

An electrochemical reaction occurring in between a metal and its environment i.e. corrosion is costing us a more than 4 trillion dollars per year globally [@bib17]. Detrimental effects of corrosion lead to serious damage to industrial parts and materials which tends to decrease in operating efficiency and cease of production rarely. Slow down or lowering the corrosion rate by surface modification has given a paramount importance than in altering the bulk of material properties [@bib18]. In the light of surface modification, numerous methods came into existence to fight against corrosion phenomenon. Likewise the usage of organic additives or inhibitors in the plating bath or in the corrosive solutions is in practice for several years in the area of corrosion science. Their advantages include multiple adsorption sites, presence of π electrons and moreover stronger adsorption and greater coverage on the metallic surface. It is interesting to note the possibility of interaction between π electrons of the double bond and d-orbitals of the metal which provides a physical insight into the actual reactivity of additives in impeding the corrosion process [@bib1]. Density functional theory (DFT) has become an active field of research, to envisage the mechanism arising between organic additives and surface of the metal at the molecular level \[[@bib19], [@bib20], [@bib21]\].

To emphasis, 3,4-Dihydroxybenzaldehyde paved a way as an inhibitor and as an additive that quench the demands of fundamental research and as well as industrial surface engineering components. As an inhibitor [@bib22], have shown that the inhibition efficiency on mild steel in hydrochloric acid increases with the decrease in temperature. Further [@bib23], studied the synergic inhibition effect of rare earth Ce (IV) ion and 3,4-dihydroxybenzaldehye on the corrosion of cold rolled steel in H~2~SO~4~ solution. The effect of 3,4-Dihydroxybenzaldehyde as an additive on Ni-W electrodeposition remains unknown, so the investigations on these areas of research are the foremost report in the literature.

2. Experimental {#sec2}
===============

2.1. Materials and its function {#sec2.1}
-------------------------------

Nickel sulfate (NiSO~4~.6H~2~O) and ammonium chloride (NH~4~Cl) were procured from Fischer Scientific Company which functions as nickel source and as buffer. The rest of the chemicals: sodium tungstate (Na~2~WO~4~.2H~2~O), trisodium citrate (C~6~H~5~Na~3~O~7~.2H~2~O), and sodium chloride (NaCl) were purchased from the Merck company, which aids as an source of tungsten, complexing agent, and as an conductor to increase the conductivity of the electrolyte. A 3,4-Dihydroxybenzaldehyde which acts as an additive in the present study was purchased from the sigma Aldrich company. All of the chemical reagents were of analytical (A.R) grade; which were employed as received. The detailed chemical composition and the adopted parameters during electrochemical deposition of Ni-W alloy coatings were formulated in [Table 1](#tbl1){ref-type="table"}.Table 1The electrolyte composition and parameters used for electrodeposition of Ni-W alloy coatings.Table 1Bath constituentsConcentration (M)Operating conditionsNiSO~4~.6H~2~O0.1Temperature 333 ± 3 KNa~2~WO~4~.2H~2~O0.2Current density 5 A dm^−2^C~6~H~5~Na~3~O~7~.2H~2~O0.5pH 8NaCl0.1Deposition time 15 minNH~4~Cl0.5Anode- platinized titaniumC~7~H~6~O~3~0--500 ppmCathode- mild steel

2.2. Fabrication of alloy surfaces {#sec2.2}
----------------------------------

A two electrode system containing Platinized Titanium (25 mm × 25 mm × 1.5 mm) as anode and mild steel as cathode (25 mm × 25 mm × 0.3 mm) were implemented for the electrochemical deposition of Ni-W alloy coatings. Throughout the course of all set of experiments a constant current density of 5 A/dm^2^ at 60 °C for 15 minutes was perpetuated. A freshly prepared aqueous sulfate-citrate electrolyte is used for each set of experiments, maintained at pH-8, since electroactive citrate Ni(II) and W(VI) complexes of \[NiC~6~H~5~O~7~\]^−^ and \[(WO~4~) (C~6~H~5~O~7~) (H)\] ^4−^ types occur at a significant concentration. The bath used for the present study was used as the source reported elsewhere [@bib24]. Prior to each plating, the cathodic substrates were degreased with acetone in ultrasounds to remove loosely adsorbed contaminants on the surface. Further, it was electrochemically polished in an alkaline solution of NaOH (3.5 g/l) and Na~2~CO~3~ (2.5 g/l) at ambient temperatures inorder to detach the surface passive oxide film effectively. Right in earlier to the plating the steel substrates were activated in 10% H~2~SO~4~ solution for 30--40 seconds and then transferred to the plating bath instantly. An immense care has been taken during the pretreatment process, as it shows marked effect on the adhesion of coating on the substrate [@bib25]. Succeeding, the substrates were given a water wash followed by hot blow in order to remove loosely adsorbed particles/rudimental solutions from the coating surface. For being confident of the reproducibility; experiments were reiterated in order to optimize the concentration of the additive in the electrodeposition bath. The current efficiency of the alloy was calculated based on the faradays law as$$\eta_{c} = \frac{W_{1}}{W_{2}} \times 100$$where W~1~ is the weight deposited in g and W~2~ is the weight expected in g:$$W_{2} = \frac{ItM}{nF}$$where *I* is the current in A, *t* the time in s, *M* the molecular weight in g, *n* the number of electrons involved in the electrochemical reaction, and *F* is the Faraday\'s constant F = 96,500 As.

To minimize the error, the average of 10 measurements performed at different areas of sample was taken as final value of deposit thickness, measured by means of METRAVI (CTG-01) digital coating thickness tester. The X-ray diffraction characterization was conducted using Shimadzu XRD 6000 (Japan) instrument equipped with a Cu-Kα radiation source. Patterns were used to determine phase structure and an average crystallite size of the alloy deposits was calculated using Scherrer formulae [@bib26]. Morphological analysis of the Ni--W coatings acquired of as such and the optimized one was complemented by scanning electron microscopy (JSM-360; JEOL) and composition analysis using the same detector (SEM-EDS) on the SEM. Atomic force microscopy (AFM) (Bruker-dimension icon AFM equipped with a Scan Asyst) was used to know the maximum surface roughness (Rmax) of the alloy deposits at atomic resolution respectively. The adsorption of additive molecules on the surface of the alloy was determined using Photoluminescence (PL) JASCO model FP-8200 system. The incorporation of additive in the deposits during electrodeposition was achieved by using Fourier transform infrared spectroscopy (IR Prestige-21 Shimadzu, Japan).

Corrosion resistance evaluation of Ni-W coatings, both in as plated and with various concentrations of additive (0--500 ppm) in the plating bath were performed using potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) studies using a potentiostat/galvanostat instrument (CHI660C computer-controlled potentiostat/galvanostat (USA) in 0.2 M H~2~SO~4~ solution at room temperature. A three-electrode cell assembly was employed for the measurements. The electrodeposited alloy coatings with an exposed area of 0.2 cm^2^ served as working electrodes (WE), while the undesirable parts of the substrate were masked with lacquer. Platinum foil with a larger area was used as the counter electrode (CE) and a saturated calomel electrode (SCE) was used as the reference electrodes (RE). Both of the measurements were performed at their respective open circuit potentials (OCP). Impedance measurements were carried out at open circuit potential of the working electrode by applying a 5 mV AC sine wave perturbation over a frequency range of 1 Hz--100 kHz. Impedance measurements were represented in the form of Nyquist plots. The equivalent circuit simulation program, Z-view (3.0 version) was used for the fitment of the equivalent circuit and data analysis. For potentiodynamic polarization studies, the electrode potential was fixed at the open circuit potential (OCP), and the steady-state polarization was carried out from ±200 mV to the OCP at a scan rate of 10 mV s^-1^. The corrosion potential (E~corr~) and corrosion current density (i~corr~) were intended using Tafel extrapolation method from the obtained polarization results [@bib27]. In order to obtain the reproducible data, the measurements were repeated twice under same conditions. The protection efficiencies (P.E) were deliberated from the obtained corrosion current and charge transfer resistance values, using the equations that reported elsewhere [@bib28]. The degree of surface coverage (*Ɵ*) was calculated using the following equation$$\theta = \frac{i_{o}corr - i_{corr}}{i_{o}corr}$$

All the quantum related calculations were carried out by density functional theory (DFT) using the B3LYP functional method with electron basis set 6-311G (d,p) for all atoms of the studied system. The quantum chemical calculations under investigation were done by the Gaussian 09 program package at 333 K with water as a solvent in the IEFPCM theoretical model. The following quantum related parameters were considered in main: the energy of the highest occupied molecular orbital (E~HOMO~), the energy of the lowest unoccupied molecular orbital (E~LUMO~), energy band gap ΔE = E~LUMO~ − E~HOMO~ and Mulliken charges of all atoms.

3. Results and discussion {#sec3}
=========================

3.1. Electrochemical evaluations {#sec3.1}
--------------------------------

Tafel polarization technique was employed to obtain the corrosion kinetic parameters of corrosion process for Ni-W coatings obtained at various concentrations (0--500 ppm) in the plating bath ([Fig. 1](#fig1){ref-type="fig"}) that overt the corrosion behavior of coating system. The obtained parameters from the Tafel plots are tabulated in [Table 2](#tbl2){ref-type="table"}. As evidenced from [Fig. 1](#fig1){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}, the alloy deposits acquired from the bath, containing 250 ppm of 3,4-Dihydroxybenzaldehyde have the noblest of corrosion potentials among the considered coatings. The primary impediment in nickel and its alloy plating baths is the formation of structural defects like crevices, gaps and porosities formed due to the hydrogen evolution near the cathode \[[@bib29], [@bib30]\]. The adsorption or inclusion of additive into the surface heterogeneities (small holes and porosities) of Ni-W alloy coatings, helped in the reduction of ion diffusion process in the presence of a corrosive medium. In consideration of the corrosion current density (i~corr~), it was initially decreased and then increased as the additive concentration increased beyond 250 ppm in the bath. The decrease in the corrosion current resulted in lower corrosion rate (0.06 mm/year), which alludes that a thin dense passive film has been formed separating the electrode from corrosion species and therefore reducing the chances for the formation of high energy defective regions (or) active sites. Among the considered coatings, the electrodeposits obtained in the presence of 250 ppm of additive, displays the greater polarization resistance value of 14902.6 Ω cm^2^ which explicit the sterling adsorption capacity of an added additive of alloy coating onto the mild steel, consequently resulting in the good protection efficiency (99.66%). The degree of surface coverage gives the information about the contact area between the additive molecule and metal surface [@bib31]. Higher surface coverage value of *Ɵ* = 0.99 is seen in the case of alloy deposits obtained from the optimized bath (250 ppm), which is proportional to the increase in adsorptive property and in the protection efficiency. In conclusion, tafel results imply that the alloy coatings obtained from the bath containing 250 ppm of additive, revealed a decreased oxidation tendency of the alloy metal obtained on the mild steel that substantiates its firm adhering property.Fig. 1Potentiodynamic plots of Ni-W alloy coatings of as deposited and at various concentrations (50--500ppm) of 3,4-Dihydroxybenzaldehyde in the plating bath.Fig. 1Table 2Significant data obtained from the tafel polarization curves for Ni-W alloy coatings of as deposited and with that of 3,4-Dihydroxybenzaldehyde at varied concentration (0--500 ppm).Table 2Concentration of 3,4-Dihydroxybenzaldehyde (ppm)E~corr~ (mV vs SCE)*i*~corr~ (μA/cm^2^)*Ɵ*PE (%)CR (mm/year)R~p~ (Ω cm^2^)0−481434.0\-\-\-\-\-\-\-\--17.9010050−33841.220.9090.501.77899.1100−28013.340.9696.920.571923.4250−2191.4630.9999.660.0614902.6500−30635.480.9191.821.531062.3

EIS is one of the prevailing analytical techniques, which gives information about interfacial interactions of the test specimen, through popularly called Nyquist diagram [@bib32]. Accordingly, the Nyquist response of Ni-W alloy coatings obtained without and with additive at varied concentration in the bath was plotted as imaginary impedance vs real impedance and represented in [Fig. 2](#fig2){ref-type="fig"}. The inset provides a simulated electrochemical equivalent (ECE) circuit obtained with the aid of Z-View software (version 3.0). Here Rs = solution resistance, Rct = charge transfer resistance and CPE~dl~ = constant phase element as a substitution for double layer capacitance (C~dl~). Typically C~dl~ acts as constant phase element (CPE) rather than a pure capacitor, which accounts for deviation from ideal dielectric behavior related surface inhomogeneities [@bib33]. The CPE characterizes, the deviation of ideal capacitive behavior, where n = 1 (ideal capacitor) and n = 0 (ideal resistor). The results obtained from the fitment of semicircles and the calculated surface roughness factor (Rf) values are tabulated in [Table 3](#tbl3){ref-type="table"}. The diameter of the semicircle is considered as charge transfer resistance. From [Fig. 2](#fig2){ref-type="fig"} it can be observed that all the alloy coatings exhibited a Nyquist response with an incomplete depressed semicircle, which attributes to the surface roughness and inhomogeneity of metal surface which is typical for solid metal electrodes [@bib34]. However, the identical shapes of Nyquist plots indicate that corrosive medium was unable to reach the substrate (mild steel) through the alloy coating and corrosion mechanism of the coating is constant [@bib30]. A clear demarcation, i.e. increase in axial radius (Rct = 2505.3 Ω cm^2^) of the semicircle is seen in Ni-W alloy coatings (250 ppm) which notifies the improved corrosion resistance property. Rct values give a quantity of electron transfer across the surface, which is inversely proportional to the rate of corrosion [@bib35]. The obtained Rct values ([Table 3](#tbl3){ref-type="table"}) are in compliance with the corrosion rate values derived from tafel curves ([Table 2](#tbl2){ref-type="table"}). A lower C~dl~ value (25.64 μFcm^−2^) and higher n value (0.94) for the alloy coatings electrodeposited by 250 ppm of additive from the bath are an indicative of better surface homogeneity with higher capacitive nature, consequent to the lesser amount of current flow through it [@bib32]. Based on the obtained C~dl~ values, a surface roughness (Rf) of the Ni-W alloy coatings were estimated from the proportion of double layer capacitance of the coatings, C~dl~ to that of the smooth electrode was considered as 20 μFcm^−2^ [@bib36]. In addition to this, a low Rf value (1.28) assents to the above results, ascertaining that the alloy deposits obtained by 250 ppm of additive from the bath are the most corrosive resistant and the optimal one among the studied concentrations. However, at other concentrations the decline in Rct and increase in C~dl~ is observed; suggesting that film protection aggravate by adding too much of 3,4-Dihydroxybenzaldehyde in the plating bath. In fact, above some critical concentration, the presence of organic compound in a plating bath will bind to particular areas of the alloy deposits; subsequently become trapped in the deposit or cause the significant amount of hydrogen gas evolution, thus increasing the probability for the formation of gas pits [@bib37]. Moreover, lower n values and higher C~dl~ values ([Table 3](#tbl3){ref-type="table"}) indicate its poorer capacitive nature due to cracks or pores [@bib38]. The schematic illustration of adsorption of additive molecules onto the surface of alloy is shown in [Fig. 3](#fig3){ref-type="fig"}. A similar trend in protection efficiency is observed for the results obtained from the EIS and tafel measurements.Fig. 2EIS measurements represented with Nyquist curves of Ni-W alloy coatings of as deposited and for deposits obtained from the bath containing 50, 100, 250, 500 ppm of additive. Inset provides the equivalent electrical circuit (R~s~ = Solution resistance, R~ct~ = Charge transfer resistance and CPE~dl~ = Constant phase element).Fig. 2Table 3Summary of significant data procured from the EIS measurements for the Ni-W alloy coatings of as deposited and with that of 3,4-Dihydroxybenzaldehyde at varied concentration (0--500 ppm).Table 3Concentration of 3,4-Dihydroxybenzaldehyde (ppm)R~s~ (Ω cm^2^)C~dl~ (μFcm^−2^)R~ct~ (Ω cm^2^)PE (%)Rfn06.4085.7049.50\-\-\-\--4.2850.815010.7853.661116.495.52.6830.9010011.2350.881360.096.32.5440.9225018.1825.642505.398.01.2820.9450022.4643.55789.393.72.17750.88Fig. 3Schematic illustration of additive adsorption onto the alloy surface.Fig. 3

Further, in our investigation, the corrosion resistance property of Ni-W alloy coatings arises owing to the interplay between surface morphology and its roughness. So in order to process, the optimized and the blank one are examined further using XRD, SEM-EDAX, AFM and other surface characterization techniques.

3.2. Crystallization analysis {#sec3.2}
-----------------------------

[Fig. 4 (a-b)](#fig4){ref-type="fig"} was the X-ray diffraction patterns of Ni-W alloy deposits obtained of as such and with that of 3,4-Dihydroxybenzaldehyde (250 ppm) in the bath. The appearance of peaks from the X-ray diffraction patterns at 2θ angles of 43.5°, 66.0°, corresponds to Ni-W peaks with a body centered cubic structures (JCPDS cards. no.65--2673). The corresponding planes of (211) and (400) suggests the existence of Ni~17~W~3~ phase. The average crystalline size of nanocrystalline Ni-W alloy deposits was calculated using Debye scherrer equation, based on full width at half maximum (FWHM). Based on the calculations, the crystalline size of the Ni-W alloy deposits estimated to be 12 nm for the earlier one ([Fig. 4](#fig4){ref-type="fig"}.a) and 3.0 nm for the former one ([Fig. 4](#fig4){ref-type="fig"}.b). The alloy electrodeposits produced with the aid of 250 ppm of 3,4-Dihydroxybenzaldehyde in the bath, resulted in a smaller crystalline size, consequently showed a greater resistance towards localized corrosion, which attributes to the even distribution of corrosion current [@bib39]. The decrease in the intensity of diffraction peaks and peak width broadening of Ni-W coatings ([Fig. 4](#fig4){ref-type="fig"}(b)) corroborates the reduction in grain size, demonstrating the role of added additive as grain refiner. In conclusion, XRD result suggests that the adsorption of additive during crystal growth has increased the competition between nucleation and growth, leading to increasing in nucleation rate, which eventually resulted in smaller crystalline size [@bib30].Fig. 4X-ray diffraction data for Ni-W alloy coatings of as deposited and with that of 3,4-Dihydroxybenzaldehyde (250 ppm) in the plating bath.Fig. 4

3.3. Microstructural characteristics {#sec3.3}
------------------------------------

Optical images of Ni-W alloy coatings obtained of as such and in presence of an additive (250 ppm) from the citrate baths are shown in [Fig. 5 (a-b)](#fig5){ref-type="fig"}. It is evident from the optical images, that as such Ni-W alloy deposits ([Fig. 5](#fig5){ref-type="fig"}(a)) were coarse-grained irregular, and random distribution of dissimilar grains exhibiting uneven surface whereas, the Ni-W deposits ([Fig. 5](#fig5){ref-type="fig"}(b)) obtained from the bath containing (250 ppm of 3,4-Dihydroxybenzaldehyde) was regular and smoother through fine grains, revealing even surface morphology. This study proves that added additive helped in yielding compact and homogeneous deposit.Fig. 5Optical images of alloy coatings (a) of as deposited (b) with that of 3,4-Dihydroxybenzaldehyde (250 ppm) in the electrolytic solution.Fig. 5

Surface morphology of Ni-W alloy coatings obtained from the bath in the absence and presence of the additive (250 ppm) examined by SEM is illustrated in [Fig. 6 (a-b)](#fig6){ref-type="fig"}. The surface morphology of as such ([Fig. 6](#fig6){ref-type="fig"}(a)) exhibits a non-uniform surface structure with loose morphologies exhibiting larger micropores or micro cracks which is the cause for the accelerated dissolution of alloy coatings in the corrosive medium. The general admitted mechanism for the micropores is the hydrogen evolution at the cathode surface [@bib40]. Whereas the deposit obtained in the presence of an additive (250 ppm) resulted in uniform surface structure with well defined facets and compact deposits with few spheroids, suggesting that the added additive helped in reducing crystal growth, by enhancing the number of nucleation sites during electrodeposition, ultimately contributing to an enhancement in the nanocrystalinity of the alloy deposits [@bib41]. Compositional data collected using EDAX for the alloy deposits of as such and in the presence of an additive (250 ppm), were displayed in inset of above figures. The obtained graphs portray that nickel content increased from 53.23 wt% to 60.32 wt% of the alloy coatings, electrodeposited in the presence of the additive. However, tungsten content decreased from 46.77 wt% to 39.68 wt% of the alloy coatings, electrodeposited in the presence of the additive in the bath. In generic, composition of alloys primarily depends on the ionic mobility and ionic concentration at the cathode solution interface. Those factors depend on the parameters like current density, temperature, agitation, bulk metal ion concentration and mass of the ions (metal/non-metal) [@bib42]. Several studies have reported that Ni^+2^- citrate complex has faster ionic mobility than W-citrate complex [@bib43]. Here in our study also the same trend is seen. Therefore it hypothesized that the added additive has decreased the surface concentration of citrate-tungsten complex, which resulted in the less amount of tungsten percentage (39.68 wt %), that eventually raised the amount of nickel percentage (60.32 wt%) [@bib44]. [Table 4](#tbl4){ref-type="table"} summarizes the relation of current efficiency and thickness with the tungsten percentage. For citrate based metal tungstate alloys (NiWO~4~) the dominant phase is a solid solution of W in nickel [@bib45].Fig. 6Surface morphology/compositional data of Ni-W coatings obtained from the plating baths (a) 0 ppm (b) 250 ppm of 3,4-Dihydroxybenzaldehyde.Fig. 6Table 4Effect of Tungsten wt% on CE and thickness of the electrodeposits.Table 4Tungsten Wt%Thickness (μm)CE (%)46.7720.54539.681751

The average thickness of alloy coatings deposited in the absence (0 ppm) and in the presence of additive (250 ppm) in the bath is found to be 20.5 μm and 17.0 μm respectively. A thinner coating with more surface coverage (*Ѳ* = 0.99) was obtained in the presence of additive (250 ppm) in the bath, which implies a uniform and smoother coating. Even so, the decrease in thickness may be influenced by the additives in the bath through a water side reaction [@bib46]. The current efficiency is found to be higher (51%) in the case of alloy deposits with lower tungsten (39.68 wt%) and for higher tungsten percentage it was of lower current efficiency (45%) ([Table 4](#tbl4){ref-type="table"}). The possible reason for lower current efficiency is the hydrogen side reaction at the cathode surface [@bib47]. Nonetheless, in our earlier reports, we proved that corrosion resistance property of Ni-W alloy coatings depends on the kind of additive molecules adopted in the plating baths, despite tungsten percentage [@bib48].

Further, for a precious investigation on the surface morphology, surface roughness analyzed using AFM is taken into consideration for the alloys electrodeposited as such and in the presence of an additive (250 ppm) in the bath. These experimental results show that surface roughness (R~max~) of Ni-W alloy deposited in the presence of an additive (250 ppm) showed a decrease in the R~max~ value (30.0 nm) when compared with that of blank one (72.5 nm). The 2D and 3D topographic images of Ni-W coatings shown in Figs. [7](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"} witnesses for the results above mentioned. The higher surface roughness and irregularities in the former one are observed owing to the nature of kinetics and mass transfer during electrodeposition [@bib49]. In contrast, the electrodeposits obtained from the additive induced bath, resulted in smoother and glossy surface with a reduction in surface roughness by detracting the metal ions from sharp protuberances \[[@bib50], [@bib51], [@bib52]\]. Further, the reduction in the R~max~ value infers that added 3,4-Dihydroxybenzaldehyde helped in increasing the nucleating rate and lower growth speed, which eventually resulted in the uniform surface deposition, consequently higher corrosion resistance towards corrosion attack [@bib53]. A smooth surface and compact structures are an indicative of its barrier property i.e. reducing the attack of corrosive medium (SO~4~^2−^ ions) from erosion of coating.Fig. 72D and 3D AFM images of Ni-W alloy electrodeposits.Fig. 7Fig. 82D and 3D AFM images of Ni-W alloy electrodeposits obtained from the bath containing 3,4-Dihydroxybenzaldehyde (250 ppm).Fig. 8

3.4. FTIR analysis {#sec3.4}
------------------

[Fig. 9](#fig9){ref-type="fig"} depicts the Infrared spectrum of alloy coatings, electrodeposited from the optimized bath (250 ppm). The spectrum shows absorption peak around 667.37 cm^−1^ is assigned to the aromatic -C-H stretching. The absorption peaks at 1020.34 cm^−1^ correspond to --C--O stretching of ring hydroxyl group, the peak at 1431.18 cm^−1^ corresponds to C--C in-ring stretching of the benzene ring. The peak at 1610.56 cm^−1^ is assigned to the C=O stretching and the peak at 3421.72 cm^−1^ corresponds to --OH (hydroxyl) group of addition agent. Thus the obtained absorption peaks in the FTIR spectrum exhibited the incorporation of additive molecules within the pores or layers of the electrodeposits during electrodeposition as demonstrated elsewhere [@bib54]. The findings of this result suggest that added additive acts as pore filler during electrodeposition, which eventually resulted in homogenous deposits.Fig. 9FTIR spectra of Ni-W alloy electrodeposits deposited from the optimized bath (250 ppm).Fig. 9

3.5. PL spectra {#sec3.5}
---------------

Photoluminescence (PL) spectroscopy is one of the versatile characterization techniques for surface of alloy that aid in the analysis of adsorbates on the surface virtually [@bib55]. The adsorption of additive molecules onto the metal surface was further revealed from the photoluminescence measurements. [Fig. 10](#fig10){ref-type="fig"} depicts the PL spectra of Ni-W alloy coatings obtained of as such and in presence of an additive (250 ppm) in the bath respectively. The excitation wavelength (λ~ex~) was 246.0 nm. A significant increase in intensity of photoluminescence for the sample ([Fig. 10](#fig10){ref-type="fig"}.b) implies that there has been a chelation of the aldehyde with the surface of alloy i.e. Chelation enhanced fluorescence (CHEF). The obtained spectra demonstrate that the additive molecules are adsorbed onto the surface of alloy, as illustrated by previous reports [@bib48].Fig. 10PL spectra for Ni-W alloys (a) without additive (b) with additive (250 ppm) attained with a xenon flash lamp as source.Fig. 10

3.6. Quantum chemical study {#sec3.6}
---------------------------

In further, to verify the prediction i.e. to prove the additive molecules adsorption on the surface of metal and to compare with the obtained electrochemical results; quantum chemical calculations using DFT principle was employed. The following quantum chemical parameters were extracted from the calculations, which includes highest occupied molecular orbital (E~HOMO~), lowest unoccupied molecular orbital (E~LUMO~), energy band gap ΔE = E~LUMO~ − E~HOMO~. According to frontier molecular orbital theory, the energy of HOMO and LUMO are often correlated with the electron donating and accepting ability of the organic molecules, respectively [@bib56]. In addition, the energy gap (ΔE) is an indicative of interaction between the reactive species [@bib57]. [Fig. 11 (a-b)](#fig11){ref-type="fig"} shows the localization of HOMO and LUMO of 3,4-Dihydroxybenzaldehyde. Based on the study of bonding reaction and cloud distributions of organics, these crimson and green color clouds corresponds to the phase of orbital wave functions; in which one is for the negative phase and the other one for the positive phase [@bib56]. The displayed [Fig. 11](#fig11){ref-type="fig"} (a) clearly depicts that HOMO density is largely disseminated in the vicinity of oxygen atoms. A similar distribution of LUMO density (b), is seen in the vicinity of oxygen atoms. These results suggest that oxygen atoms are the favorable sites for the adsorption of an additive on the alloy surface. In generic, oxygen atoms have the property of electron donation, which is associated with its strong adsorption ability on the metal surface.Fig. 11(a) Localization of HOMO; (b) Localization of LUMO; (c) Mulliken population charge analysis.Fig. 11

In addition to the localization of orbitals, quantum chemical parameters obtained from DFT calculation, which describes the adsorption behavior and electronic property of studied additive, are displayed here: E~HOMO~ = −6.55 eV and E~LUMO~ = − 2.09 eV and its ΔE = 4.45 eV. A high value of E~HOMO~ (−6.55 eV) is an indicative of its stronger adsorption capacity, by donating the electrons to the appropriate acceptor molecules with low energy empty molecular orbitals [@bib1]. Further, increased E~HOMO~ value facilitates its effective adsorption on the cathode surface resulting in the enhanced protection efficiency by influencing the charge transfer process throughout the adsorbed organic layer \[[@bib58], [@bib59], [@bib60]\]. Similarly, a lower value of E~LUMO~ (−2.09eV) shows a better probability of a molecule to accept the electron [@bib61], which results in the stronger adsorption on the alloy surface. In principle, the adsorption capacity of the organic molecules to the surface of metal increases with an increase of E~HOMO~ or a decrease of E~LUMO~, this would produce a stronger organic adsorption on the metal surface [@bib53]. In the same way, the smaller energy gap between frontier molecular orbitals (ΔE = 4.45 eV) shows stronger chemisorption bond and greater adsorption stability [@bib58] of the additive molecules on the metal or alloy surface. Moreover, a lower value of energy gap (ΔE = 4.45 eV) indicates the effective adsorption of additives on the surface of metal that depicts the greater electron transfers between the molecular orbits. In addition to this, mulliken population analysis, displayed in [Fig. 11](#fig11){ref-type="fig"} (c) gives mechanistic information of additive adsorption onto the alloy surface. Excess of negative charge is seen in the case of oxygen atoms, then the other atoms. This clearly denotes the electron donating ability of oxygen atom to the unoccupied metal atomic orbitals, which are acting as reactive sites for the effective adsorption.

4. Conclusion {#sec4}
=============

In summary, the results obtained from the electrochemical evaluations exhibited that the presence of 250 ppm of additive in the plating bath produced a highly corrosive resistant Ni-W alloy coatings when compared with the other concentrations (0, 50, 100, 500 ppm). The protection efficiencies determined by tafel polarization and EIS measurements are in good agreement. The alloy deposits obtained from the optimized bath (250 ppm) resulted in a higher surface coverage depicting the good adsorption property resulting in a smooth and compact electrodeposits with smaller crystalline size, which attributes to its remarkable corrosion resistance property. However, the alloy deposits electrodeposited from the bath other than the optimized one showed mediocre corrosive resistance due to the possible surface defects on the coatings surface. The obtained quantum chemical calculations and mulliken population analysis, confirm the adsorption of additive molecules onto the alloy surface through the oxygen atoms and π electrons of the aromatic ring as its active centers. The theoretical and experimental data shows a good relation with each other, which confirms the reliability of DFT principle in studying the additive adsorption. The obtained experimental and theoretical results affirm that a scenario of competitive adsorption of additive molecules onto the alloy surface is the plausible mechanism for corrosion inhibition of Ni-W alloy coatings in sulphuric acid solutions. As there is a massive increase in the environmental pressure to find an alternative for the carcinogenic hexavalent chromium, we deduce that the present study should find wide applicability in the industrial sector as a safer alternative to the hexavalent hard chromium plating.
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